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ABSTRACT 

A ma  ^anf.tlcal  analysis  is  n*.de  far  the  potential-time  curves  which 
are  observed  in  electrolysis  at  constant  current  with  mass  transfer 
partially  or  totally  controlled  by  semi-infinite  linear  diffusion.  Three 
cases  are  considered*  1.  Reversible  electrochemical  process;  2.  Irre- 
versible electrochemical  process;  3*  Zlec  trochendcal  process  preceded  by 
a first  order  chemical  reaction.  The  potential-time  curves  are  characterised 
by  a transition  time  whose  value  is  derived  for  the  above  three  cases.  The 
transition  time  for  given  conditions  of  electrolysis  is  the  same  whether 
the  electrode  process  is  reversible  or  irreversible  (cases  1 and  2)  . In 
the  third  case  mentioned  above,  the  transition  time  depends  cn  the  kinetics 
of  the  reaction  preceding  the  electrochemical  process.  Conditions  under 
which  the  theoretical  treatment  can  be  applied  to  the  reduction  of  complex 
ions  are  stated.  It  is  shown  that,  for  certain  complexes  (cadmium  cyanide) 
dissociation  must  precede  the  electrochemical  reaction,  whereas  other 
complexes  (copper  ethyl enedianine)  are  reduced  directly.  The  rate  of 
recombination  of  Cd  and  GH**  ions  is  evaluated  as  being  of  the  order 
cf  4 x 1C^  (moles  per  iit.)”^  sec Experimental  methods  are  briefly 
discussed,  and  the  potentialities  of  the  method  as  a tool  in  electro- 
chemical studies  are  evaluated. 
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Electrolysis  at  oonstant  current  density  with  mass  transfer  par- 
tially or  totally  controlled  by  diffusion  has  been  studied  for  many  years. 
Early  investigations  were  concerned  uith  the  verification  of  Fick* s 
la^m  of  diffusion,  but  more  recent  vork^“^  has  been  oriented  toward  the 

study  of  electrode  processes  and  toward  analytical  applications.  Recent- 

7 8 

ly,  Gieast  and  Juliard  * developed  a very  ingenious  method  for  the 

(1)  H.  F.  Ueber,  Wied.  Ann..  2,  536  (1879). 

(2)  H.J.S.  Sand,  Phil,  tel..  1,  45  (1901). 

(3)  F.G.  Cottrell,  Z.  rhrsik.  Cbea..  42.  385  (1902). 

(4)  Z.  Karaoglanoff,  Z.  Slektrochaa.  c 12,  5 (1906). 

(5)  J.A.V.  Butler  and  G.  Armstrong,  Proc.  Roy.  Soo..  139  4,  406  (1933)} 

• t .22  > 13-73  (1934). 

(6)  For  a survey  see  "Electrical  phenomena  at  Interfaces",  JJ L.V. 

Butler,  Editor,  llethuen  end  Conpony,  Lcndcn,  1951,  Chapters  VIII 
and  H. 

(7)  L.  Gierst  end  a.  Juliard,  "Proceedings  of  the  2nd  Meeting  of  the 
International  Committee  of  Electrochemical  Thermodynamics  and  Kine- 
tics", 1950,  Tanburini,  Milan,  pp.117  and  279. 

(8)  L.  Gierst,  Thesis,  University  of  Brussels,  1952.  lie  are  indebted 
to  Dr.  Gierst  for  sending  us  a copy  of  his  thesis. 

oecillo graphic  recording  of  voltage-time  curves.  These  authors  mc.de  sane 
very  interesting  observations  on  electrode  processes,  and  their  study 
brought  to  light  some  of  the  potentialities  of  electrolysis  at  constant 
current.  The  theoretical  treatment  of  this  type  of  electrolysis  is  rather 
limited  at  the  present,  and  it  is  the  purpose  of  this  paper  to  give  a math- 
ematical analysis  of  the  boundary  value  problems  encountered  in  this 
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method.  Only  cases  involving  seal-infinite  linear  diffusion  in  an  un- 
stirred solution  will  be  discussed,  since  cases  of  spherical  or  cylindric 
dli fusion  can  be  treated  as  linear  diffusion  problens  provided  that  the 
duration  of  electrolysis  is  sufficiently  short  (1  second)  - a condition 
which  is  generally  fulfilled  in  the  present  type  of  electrolysis.  Con- 
vection effects  will  be  neglected  on  account  of  the  short  duration  of 
electrolysis.  Further  more,  it  will  be  assumed  that  the  solution  being 
electrolyzed  contains  a large  excess  of  supporting  electrolyte,  and  that 
nigrction  effects  can  be  neglected*  The  discussion  is  divided  in  three 
parts  according  to  the  nature  of  the  electrode  process  involved;  a fourth 
part  deals  with  the  application  of  the  method  to  the  study  of  complex  ions. 

REVZF.SIBLL  SLUITRODE  PROCESSES 

fWfiSHOkSfi*  v&k-VJi'PHS. 

Consider  the  reduction  of  a substance  Ox,  and  assume  that  the 

reduction  product  Red  is  soluble  either  in  solution  (or  in  mercury  in 

the  case  of  the  deposition  of  an  amalgam  forming  metal  on  a mercury 

electrode).  Thu  value  of  the  concentration  of  substance  Ox  during 

1 2 

electrolysis  at  constant  current  was  calculated  by  Weber  , Sand  , and 
Rosebrugh  and  Miller^.  Karaoglanof f^  derived  the  complete  equation  of 

(9)  TJl.  Rosebrugh  and  L.  Hiller,  J JPhys.  Chao..  816  (1910). 

the  complete  potential- time  curve.  His  treatment  need  not  be  discussed 
here,  but  it  is  worth  noticing  that  the  curve  representing  the  potential 
versus  the  square  root  of  the  electrolysis  time  is  similar  to  a polar ographic 
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wave  for  the  reversible  process  being  considered  here.  If  one  assumes 
that  the  concentration  of  substance  Red  is  equal  to  zero  before  electrolysis, 
the  potential  of  the  electrode  on  which  substance  Ox  is  reduced  is  sb 
follows,  t seconds  after  the  beginning  of  the  electrolysis! 


where  E°  is  the  standard  potential  for  the  couple  Ox  - Red  the  f*  s 


(10)  If  en  amalgam  is  involved,  E°  is  the  standard  potential  far  the 
anal  aim  electrode. 

are  the  nctivity  coefficients  of  substances  Ox  end  Red,  and  P is  defined 
as  follovrs 


In  equation  (2) , ic  is  the  constant  current  density  for  the  polarizable 
electrode,  D0  the  diffusion  .oefficient  of  eubstance  Ox,  and  the  other  nota- 
tions arc  conventional.  The  sun  of  the  first  two  terms  on  the  right  - 
hand  of  equation  (1)  is  identical  to  the  polarographic  half-wave  poten- 
tial Ei_,  when  a mercury  electrode  is  used  in  the  constant  current  elec- 

j t 

trolysis.  This  observation  enables  one  to  predict  fran  polar ographic 
deta  the  position  of  the  potential- time  wave  in  the  range  of  potentials. 

For  the  experimental  verification  of  equation  (l) , see  reference  4. 
D£L£ia&mi  C*  Ilk  Hwi*jXTIW  TIKE. 

After  an  electrolysis  time  such  that  — P f**  the  poten- 
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tial  E 2ivon  by  equation  (1)  becomes  infinite.  The  transition  time 
“ a term  coined  by  3utler  and  ilrmstrong^  - is  characteristic  of  the  elec- 
trolysis conditions!  is  proportional  to  the  concentration  of  reduc- 
ible species  end  inversely  proportional  to  the  current  density,  etc. 

It  is  therefore  important  to  determine  f in  a reliable  manner.  This 

X 

determination  of  would  be  obvious  from  the  shape  of  the  E va  & 

curve,  if  it  vere  not  for  the  distortion  of  the  voltage-time  curve  by 
the  capacity  current  (double  layer)  * » This  effect  of  the  capacity 

current  is  taken  into  account  in  the  method  of  determining  IE  of  Fig.l-A. 
which  is  inspired  from  polcxographic  practice.  Mote  that  the  potential 
Ex  corresponds  to  an  electrolysis  time  t — 4*  l/hen  the  potential  - 

time  curve  has  the  shape  of  Fig.l-B,  the  construction  of  Fig.l-^  leads 
to  abnormally  low  values  of  the  transition  time.  It  is  then  necessary 
to  apply  the  somewhat  empirical  method  sho’.m  in  Fig.l-B.  The  selection 
of  point  E is  a nutter  of  common  sense. 

By  introducing  the  value  of  the  transition  time  from  U°  — P C1* 
in  eruetion  (l) , the  third  term  on  the  right-hand  becomes 


Therefore,  a plot  of  the  logarithm  of  the  quentity  ( gg.  i'  - t*)  / V* 
against  potential  should  yield  a straight  line  whose  slope  is  riF  / RT 
(see  theory  of  reversible  polarographic  \ravea) , 


r 


*7 


\ 

i 


IRh  JVUvGIlLdL  Hull  IT.  CD  L Pi.U^DSSiSS 

The  theoretical  treatment  of  this  case  has  not  been  reported  before, 
as  far  cs  \re  know.  If  the  reduction  Ox  — v Red  involved  only  one  rate 
determining  step,  the  rate  of  the  electrochemical  reaction  is 


A 


7/  F 


kft  / fr  ^ (O.  0 6) 


where  theO's  are  the  concentrations  at  the  electrode  surface  (x  0), 
and  the  k's  ore  the  rate  constants  for  the  forward  and  backward  elec- 
trochemical reuctions,  respectively.  Note  that  these  k's  ere  rate 
constants  fco • en  hetaroreneous  process  and  are  consequently  expressed 
in  cm.  sec  Furthermore,  the  k's  depend  cn  the  electrode  potential 

as  is  shown  below.  No  hypothesis  regarding  the  kinetics  of  the  reduc- 
tion of  3ubctance  Ox  was  made  by  Karc.oglanoff^  in  the  derivation  of  the 
concentrations  of  substances  Ox  and  Ned,  and  consequently  the  vr.lues  of 
Oox(0,t)  and  ^rwj(0,t)  obtained  by  this  author  can  be  introduced  in  aqua- 
tion (3) • Thi3  yields  the  following  relationship  f ~ o f.i.  t<0 


j 


r / o 

y 


— = / 
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'//  fu  ^ ~l'r'  ) 'W  f>"  Q - ' 

where  the  expression  for  Q is  the  same  as  for  P (equation  (2))  except 
that  D0  is  replaced  by  the  diffusion  coefficient  Dj.  of  substance  Red. 
Since  the  electrode  potential  is  italic Italy  contained  in  the  rate  con- 
stants k^^and  , equation  (4)  gives  f armaily  the  dependence  of  tbs 
electrode  potential  on  time.  Detailed  equations  are  obtained  by  expres- 
sing k£^  end  kj^  in  terms  of  the  electrode  potential*  Only  the-^oase  in 
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which  much  larger  then  ^ at  the  cuiTent  density  i0  will  be  con- 

sidered hero  lor  the  sako  of  simplicity.  The  restriction  loosed  by  the 
condition  k^j, , /'/  k^,  ^ is  minor,  since  this  inequality  is  verified  for  over- 
voltages of  the  order  of  ut  least  0,1  volt,  i/hilst  much  larger  voltages 
are  generally  encountered, 

as  in  the  case  of  the  reversible  electrode  process  the  transition 
time  obeys  the  relationship  G°-  P gV  (see  equation  (4)  , k^.  ^ — cc ■ 

= 0) , By  dropping  the  term  in  in  equation  (4)  and  introducing  the 

transition  time,  one  obtains 


Equation  (5)  is  important  because  it  enables  one  to  calculate  the 
rate  constant  kf  ^ from  experimental  data.  Values  of  E ere  measured  on 
the  2-t  curve  ior  various  values  of  t and  the  corresp ending  rate  con- 
stant kf  ox®  calculated,  A plot  of  the  results  yields  the  rate  constant 
kf as  a function  of  the  electrode  potential  E,  The  diffusion  coefficient 
DQ  needed  in  the  application  of  equation  (5)  con  be  readily  calculated 
from  the  transition  time  (see  equation  (2)),  The  variations  of  kf^with 
Z can  be  interpreted  by  considering  the  value  of  ^ derived  free  the 
absolute  rate  theory.  Thus 


/».  F 

/<  r 


£ 
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whore  k®  , is  a constant  related  to  the  free  energy  of  activation  for  the 
f,n 

forward  electrode  process^,  is  the  transfer  coefficient,  end  n^  the 

(11)  S.  Glasstone,  K.J.  Luidler,  end  H.  Eyring,  "The  Theory  of  Rate 
Processes",  licGrew-Hill,  New  York,  H.Y.,  1941,  p.577. 


number  of  electrons  Involved  in  the  rate  determining  step*  The  slope 
of  the  log  kf  ^ versus  E line  established  from  experimental  results  yields 
the  product  n^,  and  the  intercept  at  E =:  0 for  the  same  diagram 
yields  k£  ^ and,  consequently,  the  free  energy  of  activation  for  the  for- 
ward electrode  process.  The  electrode  potential  can  be  explicitated  as 
a function  of  time  by  combining  equations  (5)  and  (6).  Furthermore,  a 
plot  of  In  J 1 - ( t V*  / against  E yields  a straight  line  having  a slope 


of  - 


* n»  s 


Finally,  the  potential  at  time  zero 


//  F C 

a o 


depends  on  the  bulk  concentration  of  substance  Ox,  and  on  the  transfer 
coefficient  • 

As  an  example,  potential-time  curves  have  been  plotted  in  Fig.  2 
for  various  values  of  F and  for  the  fallowing  da  tat  0°  = 10*^  moles. 

i0»iO“l  amp.cm.*2f  p0  - 10~5  cm^.sec.*^,  k|  »1CT^  cm.sec,-l, 
n - * 1. 

The  present  treatment  is  valid  only  when  the  effect  of  the 
backward  process  can  be  neglected  (see  above).  When  this  is  not  so,  the 
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E-t>  curve  hao  a shape  similar  to  thrt  observed  in  a reversible  process, 
although  the  curve  is  some’ fiat  more  drawn  out.  /.  detailed  analysis  of 
such  a case  ’.111  not  be  presented  hore  since  the  complete  equation  is 
too  cumbersome  to  be  of  any  practical  value. 

In  the  ce:  e of  an  irreversible  wave,  the  potential  Ej  correspond- 

V 

inr_  to  t =.  £.  / 4 has  no  particular  significance,  and  the  graphic  deter- 
mination of  d by  the  ,.ethod  of  Fig,l-A  is  devoided  of  any  theoretical 
basis.  It  is,  however,  reasonable  to  apply  the  method  of  Fig.  1-4  in  the 
determination  of  C , since  any  other  method  uhich  might  be  proposed 
would  probably  not  be  less  empirical. 

Me  have  elso  treated  the  case  of  an  irreversible  process  involving 
two  consecutive  rate  determining  steps  of  comparable  rates.  The  boun- 
dary problem  doos  not  present  any  special  difficulty,  but  the  -riting 
is  rather  heavy,  end  the  resulting  equation  for  £.  appears  too  intri- 
cate to  be  of  any  real  value  in  actual  applications. 


ELILii.ODc.  rhCcfSo  DX  a i^cixON 

Consider  the  electrode  process  in  which  a substance  2 is  in  equi- 
librium with  a substance  Ox,  the  latter  substance  being  reduced  at  mar- 
kedly less  catho'io  potentials  then  Z.  The  transition  time  correspond- 
ing to  the  reduction  of  substance  Ox  is  determined  by  the  diffusion  of 
substance  Z to’.’ord  the  electrode  and  by  the  rate  of  transformation 
Z ,7-v  Ox.  This  case  \«s  treated  by  Gierst  and  Juliard^*  ® who  intro- 
duced a kinetic  term  in  the  erqression  of  the  transition  time  G°=  PET*". 
Such  a treatment  is  questionable  on  t vt  counts*  1.  It  is  assumed  that 
Fick’s  differential  equation  is  applicable  without  modification;  2.  L 
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rate  constant  for  an  hetcroceneous  process  is  introduced  to  characterize 
a process  vhi-'ii  occurs  in  solution.  Such  a treatment  has  its  merits, 
bu'c  a tore  ri;  ovouo  approach  is  desirablo  and  leads  to  new  results. 

An  in  the  previous  two  sections,  the  transition  time  fear  the  re- 
duction of  substance  Ox  is  calculated  front  the  condition  dt  ;.(0,t)  = 0, 
Consequently,  it  is  necessary  to  determine  the  function  C^x,^  . The 
letter  is  obtained  by  following  e method  similar  to  the  one  applied  by 

12 

Kouteeky  and  Brdicka  in  the  treatment  of  kinetic  polarographic  currents  . 

(12)  J.  Kouteeky  and  I..  Drdicka,  UgllQc  UmVatthgglgW.  vtea.  V.«nUP«» 
ii,  337  (1947) . 

However,  the  derivation  given  below  is  different  from  that  of  Kouteeky 
and  Brdicka  because  one  of  tho  boundary  condition  is  not  the  same  as  in 
the  case  of  kinetic  polar o;;raphic  currents. 

Kinetic  terns  have  to  be  edded  on  the  right-hand  of  the  differen- 
tial equation  for  linear  diffusion,  beccuse  of  the  occurrence  of  the 
•transformation  Z 7^—'  Ox  in  solution.  Thus 


/ 


n 

where  the  D*s  are  the  diffusion  coefficients,  and  the  k*s  the  rate  formal 
constants  fa-  the  transf orneticn  Z Ox.  Note  that  the  k*  s in  equations 
(8)  and  (9)  are  conventional  rate  constants  (in  sec.”^). 

The  boundary  conditions  are  obtained  by  e repressing  that  the  flux 
at  the  electrode  surface  is  constant,  and  that  substance  Z is  not  re- 
duced at  the  electrode.  Thus 


with 


and 


The  initial  conditions  are  as  follows 


where  K is  the  equilibrium  constant  for  the  transformation  Z ^=^Ox. 


— ?7 
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wxaim.w  asti iaasmas. 

In  order  to  solve  the  system  of  equations  (8)  and  (9)  It  is  use- 
ful  to  make  several  substitutions,  r.s  was  done  by  Koutecky  and  Brdicka, 
Furthermore,  it  will  be  assumed  for  the  sake  of  simplicity  that  the  dif- 
fusion coefficients  of  substances  Ox  and  2 are  equal;  this  coefficient 
is  repiosented  b7  D in  the  subsequent  equations.  The  following  func- 
tions are  introduced! 

^ fa,  fa  r fa  fa,  fa  fa) 


By  using  the  Laplace  transformation^  it  can  be  shown  (See  Appendix) 


(13)  L.V.  Churchill,  "Modern  Operational  In thematic s in  Imagine  ering", 

iicGra\*-Kill  Book  Co.,  Yci  York,  Y. .Y.,  1944.  Note  that  Koutecky  and 
Brdicka  used  the  original  Heaviside  transform  f(s)  =•  s exp(-st) 

-O  f rC 

f(t)  dt  whereas  in  our  calculations  the  transform  ia  ?(s)  = \ exp 

i 

(-st)  f(t)  dt. 


that  the  transforms  corresponding  to  equations  (8)  and  (9)  are  as  follows* 

- A 


ft*.*)  - 


" * N /-  si- 


fa1-  ' J 


f ■)  = /I  fa  /- 


X 

A 


\ 


x 
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The  Integration  constants  il  and  i.  are  determined  from  the  trans- 
forms of  the  boundary  conditions  (see  Appendix)  . By  inverse  transforma- 
tion one  obtains  the  functions  (x,t)  and  (x,t) . Thus  (see  i-ppen- 

r > 

ana  by  applying  the  convolution  fear  (x,s) 

(±2/1 


L ^ 

✓ i 


■ f 


\ rhl  ~ >-  / r ?■/(*/* lr 

-J*  / ^ / •_  / f'J  L /-  . >/■  > • 


\ 


i 


s/lt/  j I 

The  notations  werfn  end  nerfcn  in  equations  (19)  and  (20)  represent 
the  error  function  having  the  quantity  net"cen  brackets  as  argument,  and 
the  ca~pler.ent  of  this  function,  respectively.  In  viev  of  the  definition 
of  the  functions  j-'  (x^t)  ond  (x,t)  , the  concentrations  O^x^t) 


-i 


r 


r 


34 

and  UgCxjt)  can  be  calculated  from  equations  (19)  and  (2D) , but  it 
suffices  to  determine  the  function  Cox(0,t)  in  order  to  calculate  CT  j 
the  value  of  could  be  obtained  in  the  same  manner,  but  it  ie  of 

little  interest  in  the  present  case.  From  (15) » (16),  (19) » and  (20) 
one  deduces 


The  transition  time  is  obtained  by  equating  to  aero  the  right  - 
hand  ’ ember  of  (21).  The  resulting  equation  in  can  be  solved  gra- 


phicdly,  but  it  is  more  fruitful  to  consider  .lots  of  iD  1 versus 
i0.  This  type  of  diagram  "as  first  used  by  Glerst  and  Juliard^> 

From  equation  (21)  one  deduces  the  following  equation  for  the  product 


Oases  in  i;hich  the  error  function  is  virtually  equal  to  unity  will 
be  first  considered.  This  simplification  is  permissible  'hen  the  argu- 
ment of  the  error  function,  (kf  + £*  i',  is  larger  than  2.  The 


15 


& 


product  iQ  * is  thon  a linear  function  of  the  current  density,  and 
one  can  calculate  the  value  of  K(kj.  *f-  kjj)^  frexn  the  slope 

7 T / 


K ('s  r A, ) '/'■ ' 


/ 


c f the  line  i. 


-0  Z versus  iQ  \dthout  hr  vine  to  kno\;  the  diffusion 

coefficient  D and  the  concentration  0°.  If  the  equilibrium  constant  K 

is  knenm,  the  rrte  constants  and  k^  are  readily  obtain-1  (X  s kj  / « 

’.lien  the  quantity  / (k^.  **  Ctl  is  smaller  than  2,  the  error 

function  in  equation  (22)  is  smaller  than  unity.  A limiting  value  of 

1 

the  product  iQ  ^ *■'  for  large  current  densities  is  obtained  by  expanding 
the  error  function  far  small  arguments  ^ 0.1)  and  by  retaining 


(14)  3.  C.  reiree,  't.  Short  Table  of  Integrals",  Ginn  and  ocupeny, 

Boston,  1929,  p.120. 

T 7 

only  the  hi.  st  term  in  the  se;  ies.  Thus,  if  ; (k^  +-  k^*  C * j is 
srallea'  thmui  0.1,  equation  (22)  reduces  to 

<.  - JL. t //AV  A 


A 


/ 

~K 


V 


J 


j ✓ 

unde:,  these  conditions  the  quantity  iQ  «f  is  independent  of  the  current 
density,  c.nd  the  electrode  process  is  entirely  rate  controlled.  equation  (23) 
shows  that  the  equilibrium  constent  K for  the  transformation  Z ^=^0x  can 
be  calculated  from  experimental  data  pr  ovided  thet  the  limiting  value 
of  i0  £ V can  be  determined.  It  is  to  be  noted  that  when  K am  ''<1  t 


formula  (23)  reduces  to  the  equation  C°  = P ^ i previously  derived 
for  the  case  in  v'hich  there  is  no  ohemical  reaction  preceding  the  elec* 
trodo  process  (see  equation  (1)  and  (2))» 

The  conclusions  of  the  above  discussion  are  summarised  in  Fig.  3* 

This  diagram  \*as  constructed  on  the  basis  of  the  follotdng  data* 
h •-  lCf1,  C°  — 1,1  x 1CT^  moles.om.“3,  D ^t1CT5  cm^.seo,**. 

It  is  of  interest  to  note  that  in  the  treatment  of  (Horst  and 
Juliard  the  i0  C-  ^ versus  relationship  ia  represented  by  a 

straight  line  which  intersects  the  abscissa  axis  at  a current  equal  to 
n F 0°  k^  where  is  an  heterogeneous  rate  constant.  The  value  of  this 
current  was  3inply  obtained  by  expressing  ttv  t the  rate  of  the  transfor- 
mation Z — ' Ox  is  proportional  to  the  concentration  of  substance  Ox 
(Cg  being  assumed  to  be  negligible)  » From  the  treatment  developed  in 
the  present  paper  one  concludes  that  tho  heterogeneous  rate  constant 

used  by  Gierst  and  Juliard  actually  is  equal  to  the  quantity 
1 > 

Tf£  K(kf  - Thus  has  no  real  physical  significance,  but  is  rather 

a convenient  sw  thematic al  device. 

tfam 09 

j. 

The  upyer  limit  in  the  measurement  of  the  quantity  K(kj  ■*-  k.^)"* 
by  the  present  method  (see  equation  (22))  car.  be  evaluated  in  the  fol- 
lowing  manner.  The  value  of  the  quantity  iQ  £ at  iQ  = 0 is  simply 
(see  equation  (22)) 
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* _ 


The  order  of  magnitude  of  tho  maximum  value  of  this  quantity  la 

( 0°  ^ 1C r*5  mole.cm."^,  D ^ 1CT^  cm^.6ec.-^,  n n 2)  approximately 

6 x 1CT3  oup.cn.  ^sec.V.  On  tho  other  hand,  the  maximum  current  density 

1 .p  7 8 

which  can  be  utilised  is  of  the  order  of  1CTX  amp.cm  . * Furthermore, 

it  can  be  conservatively  assumed  that  a 10  per  cent  decrease  in  the 

v.  _2 

ouentity  i r-  - can  be  detected  as  i is  varied  from  0 to  0.1  amp.cm  . 

* o — o 

Tho  corresponding  slope  of  the  i0(^*'  versus  i0  line  is  therefore 
-0.1  x 6 x 10r3  / o.l  or  -6  x 10-3  secV.  By  comparing  this  value 
with  the  slope  deduced  from  equation  (22)  one  deduces  that  the  quantity 

i i 

K(kr  * *b>*  should  be  smaller  than  apprordmately  150  sec*,  in  order  to 
observe  vith  certainty  the  effect  of  the  chemical  reaction  preceding 
the  electrochemical  process.  If  the  equilibrium  constant  K is  appre- 
ciably scalier  than  unity  this  condition  can  be  written:  K 150 

sec11. 

It  is  of  interest  to  compare  this  criterion  >dth  the  correspond- 
ing condition  foi  polarographic  kinetic  currents.  In  the  latter  method 
the  average  limiting  current  is  virtually  diffusion  controlled  when  the 
quantity  K is  smaller  than  5 sec"i'  15.  Actually  this  limit  is 

(15)  compare  ref. (12)  idth  f . Delahay,  J,  AaDhem.Soc.,  7^,  4944  (1951). 

somewhat  smaller  because  of  the  uncertainty  about  the  diffusion  coeffi- 
cient of  the  substance  being  studied.  Thua  a kinetic  process  which 
causes  a 10  per  cent  decrease  in  the  limiting  current  \dll  generally 
be  overlook®*^.  Therefore,  it  is  reasonable  to  regard  the  value 
K k^'  - 1 seo.-^  as  the  upper  limit  for  which  a kinetic  effect  can  be 
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(16)  It  could,  hovrever,  be  detected  by  studying  the  dependence  of  the 
Uniting  current  on  the  head  of  mercury. 

j «1. 

detected  by  the  polrxograpkic  method.  The  value  K k^*  — 1 sec . 2 

corresponds  to  a slope  of  approximately  -1  see.*  in  the  diagram  i CZ  £ 

o 

versus  iQ  diagram.  Sirvse  the  minimum  detectable  slope  is  approxime- 
tcly  -6  x l(T->  sec.2,  systems  < hich  yield  an  apparently  normal 
polc.ro graphic  \/ave  might  e.'Mbit  the  characteristics  of  kinetic  compli- 
cations in  olectrolysis  at  constant  current. 

In  conclusion,  the  conditions  for  the  study  of  kinetic  processes  by 
electrolysis  r t constant  current  are  far  more  favorable  than  in  polarography 
v.’hcn  a rapid  chemical  trensfornrtion  is  involved. 

SBiOlTD  CRDH.  PROuESSIS. 

Under  certain  conditions  ’.•hich  are  stated  bolow,  the  previous  treet^- 
ment  can  be  applied  to  cases  in  which  the  chemical  transformation  preced- 
ing the  electrochemical  reaction  is  one  of  the  lolloping  two  processes 

Z t-  X --  (,*-  /';.//) 

or 


’/here  substance  -I  is  neither  reduced  nor  oxidized  at  the  potential  at 
which  substance  Ox  is  reduced.  The  rate  of  the  transformation  Z to  Ox 


is 
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4 _ 


for  r etc  tier  (24),  and 


for  reaction  (25)*  If  the  concentration  of  substance  X is  r.  function 

of  x and  t the  boundary  value  prohlet-  is  arduous  to  solve.  In  practice, 

ho’.'ever,  it  is  often  possible  to  carry  out  the  electrolysis  in  presence 

of  a large  excess  of  substance  X (say  100  times  the  bulk  concentration 

of  2) , and  under  these  conditions  the  concentration  C^(x,t)  in  the 

o 

above  equations  can  be  replaced  by  the  bulk  concentration  of  substance 
X.  Equations  (8)  to  (23)  can  be  applied  provided  that  the  constants  k^, 
k^  and  K in  these  equations  are  defined  as  followa 


/ - />  c 

f'  S~  A 


K = /'  eC 


X 


t I 
kf 


'/  - 

^ "/  V2  ' . 

The  slope  of  the  ic  c.  ^ versus  iQ  diryam  are  then  (kf  //  kj,  j 


K - 


* \ ) 


for  process  (24),  and 


s 


i'' 
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2D 


for  reaction  (25). 

From  the  c-bove  values  one  concludes  that  tiic  slone  of  the  i 1/2 

o 

versus  iQ  line  decreases  when  the  concentration  of  substance  X is  in- 
creased in  the  case  of  rerction  (24),  £nd  tlv  t this  slope  increcses  rdth 

o . 

far  reaction  (25). 

L clfosical  example  of  electrode  process  involving  a chemical  reac- 
tion of  the  type  represented  by  equation  (24)  is  the  reduction  of  pyruvic 

acid.  The  palarographic  behavior  of  this  substance  was  thoroughly  invea- 

12 

ti gated  by  Brdicka  and  coworkers  and  the  findings  of  these  investiga- 
tors can  be  readily  transposed  to  the  method  at  constant  current.  Exam- 
ples of  reaction  (25)  can  be  found  by  studying  the  reduction  of  complex 
ions  as  shown  in  the  next  section. 


Ai’PLXJATICt;  TO  THE  STUDY  OF  COMPLEX  ICNS 


The  theoretical  treatment  developed  in  the  last  section  leads  to 
interesting  conclusions  vdth  regard  to  the  mechanism  of  the  electrolytic 
reduction  of  complex  ions.  Three  hypotheses  can  be  made  about  the  reduo- 
tion  of  complex  ions.  It  can  be  assumedi  (1)  That  the  canplex  is  the 
entity  which  is  reduced;  (2)  That  dissociation  of  the  canplex  must  pre- 
cede the  electrochemical  reaction;  (3)  That  the  previous  two  nodes  of 
reduction  occur  simultaneously. 

From  the  foregoing  considerations  one  deduces  that  the  quantity 
loCl/2  is  a function  of  the  current  density  if  dissociation  precedes 
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the  clectrochenicc.1  reaction*  The  clis  soviet  ion  process  generally  involves 
several  consecutive  step3.  Thus,  if  is  the  cccplex  being  studied, 
dissociation  proceeds  stopxdsoly  \dth  the  formation  of  the  intermediates 
lXn-l»  *J*n-2*  ••  Each  of  the  consecutive  steps  in  the  disso- 

(17)  J.  BJcrrun,  Qhem.  HevB>.  381  (1950). 


elation  is  characterized  by  t’.ro  rate  constants  and  k^»  If  the  rate 
constants  k^,  for  the  consecutive  steps  ara  sufficiently  different,  it  can 
be  assumed  that  the  over-all  dissociation  of  the  complex  involves  essen- 
tially cne  rate  determining  step.  The  treatment  d ev  el  oped  in  the  present 
section  is  then  aorr oxime telv  valid.  In  applying  this  treatment  it  should 
be  kept  in  mind  that  the  equilibrium  constant  K in  equation  (22)  corres- 
ponds to  the  equilibrium  between  two  species  involved  in  the  slow  step; 
K.lfi-ncl  tSfi-gyar-flll  UftStafriilta  SSHSteaJ.-ftI.-flg  JLSBDIsZul  Furthermore, 
values  of  k^  obtained  in  this  manner  rue  too  low  since  the  effect  of  the 
various  consecutive  steps  ie  accounted  far  by  assuming  one  single  slow 
step.  Ho’.'evcr,  the  results  can  be  of  interest  in  deciding  whether  or 
not  dissociation  precedes  the  electrochemical  reaction  as  is  shown  in 
the  follo\/ing  t”o  e;:amplcs. 


EEDUCTIC;-  OF 


The  characteristic  i£  ^1/2  versus  i0  were  determined  for  the 
reduction  of  the  copper  ethylenediamine  complexes  on  a mercury  electrode, 
and  the  results  ere  shown  in  Table  I (see  description  of  the  apparatus 
in  the  experimental  part) . 
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TABLE  1 

Data  for  the  reduction  of  copper  ethylenediamine  canplexes*  at  20° 


Current  (i) 

Transition  time 

(cj  1 

-3  1/2 

10  Jamp. sec . 

1(1" ^ amperes 

seconds 

1.048 

2.24 

1.57 

1.272 

1.50 

1.55 

2.044 

0.587 

1.56 

2.636 

0.360 

1.57 

3.078 

0.260 

1.57 

4.584 

0.113 

1.54 

6.060 

0.0522 

1.38 

7.455 

0.0332 

1.36 

S.835 

0.0298 

1.53 

a 

Solution  composition:  4 

: illimolar  copper  su’fcte,  1.04  molar 

ethylcnadiardne,  1 molar  potassium  nitrate. 

Temperature  20°, 

It  is  seen  from  Table 

1 the t the  product  i 

lZ  V2  is  independent 

TO 

of  current  through  the  cell  , and  it  can  be  concluded  from  this  ob- 
servation that  either  the  complex  involved  is  directly  reduced  or  that 

(18)  Currents  (i)  rather  than  v:urrent  densities  ( Iq)  are  used  here* 

1/2 

This  is  permissible  since  a plot  of  i <ZZ  versus  i has  the  same 
slope  as  a plot  iQ  C.  versus  i0. 
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the  dissociation  is  so  rapid  that  no  kinetic  effect  is  observed*  The 
second  hypothesis  can  be  ruled  out  on  the  following  grounds.  The  forma- 
tion constants  at  25°  for  tho  copper  ( +■  2)  ethyl enediamine  system  which 
are  defined  by  the  relationship  (en  * ethylenediamine) 


£; 


K - - 
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y •*<> 

/C 


'A i = 
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Y1 
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are  according  to  BJerrum  1 : log  - 10.72,  log  Kg  ~ 9.31, 

log  = -1.0.  If  one  assumes  that  the  process  corresponding  to  the 


(19)  BJerrun*  s values  are  approximately  the  sane  as  those  of  G.A.  Carlson, 
J.  ?.  IfcReynolds,  and  F.H.  Verhoek,  J.  Aa.Cfr«m.Soc . . 62,  1334  (1945). 


highest  fornation  constant  (log  =•  10,72)  is  the  slow  step,  cue  can- 
eludes  that  the  rate  constant  k^  for  this  step  would  be  larger  than  10^ 
sec (slope  of  the  iQ  ^/2  versus  ic  diagram  seller  than  10**^  sec. 
see  above;  K =10  • ) . Such  unreasonably  large  values  far  a rate 

constant  (kT/h  ' -i  6 x 10^2  sec can  not  be  accepted,  and  consequently 
one  concludes  that  the  Conner  ethvl enedianine  carolexgs  sip  directly 

■^L'.TIOr  C F THE  CADI  Jin  I JUL'ILG  ■JOICLECS. 

The  example  of  the  copper  ethylenediamine  complexes  was  selected 
to  give  an  ab  wbmrrdo  proof  of  the  direot  electrolytic  reduction  of  a 
complex.  There  are  cases  in  which  the  above  theoretical  principles  ena- 
bles one  to  establish  the  occurrence  of  a dissociation  process  prior  to 
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tlie  elec trochenieal  refction.  This  is  the  case  in  the  reduction  of  cod- 

7 

mium  cynnife  ca.plexes  on  a mercury  electrode.  Glerst  end  Juliard  ot>- 

served  thr.t  the  product  iQ  *"  Tor  this  process  decreases  very  ruickly 

when  the  current  density  increases,  and  these  authors  interpreted  this 

l/2 

variation  of  i^  ^ ^ by  assuming  that  dissociation  precedes  the  electro- 
chaJLcal  reaction.  This  interpretation  can  now  oe  stated  quantitatively 
on  the  basis  of  the  above  treatment.  According  to  Bjerrum^,  the  forma- 
tion constants  for  the  cadmium-cyanide  complexes  are*  log  — 5.54, 
log  K2  »■  5.06,  log  K3  4.65,  log  = 3.59.  If  one  takes  the 
reaction  corresponding  to  as  the  slow  step,  the  rate  constant  for 
the  combination  of  Cd  with  one  CN"  ion  is^®  4 x 10^  (moles  per  lit.)"^ 
sec.*^-  at  25°.  It  should  be  emphasized  that  this  value  of  k^  is  very 

1/2 

(20)  Calculated  from  a slope  equal  to  2.6  as  measured  on  the  i 0 CT 

versus  iQ  for  the  reduction  of  a solution  having  the  following  composi- 
tion! 0.03  molar  in  cadmium,  0.3  molar  in  potassium  cyanide.  These  data 

7 

are  taken  free  Fig.  8 in  the  paper  of  Gierst  and  Juliard  . Note  that  there 
must  have  been  some  concentration  polarization  fer  the  cyanide,  since  the 
bulk  concentration  of  the  latter  ion  was  only  ten  times  the  concentration 
of  cadmium  ion.  This  effect  can,  however,  be  neglected  in  the  present 
approximate  calculation. 

appro-*-! on  account  of  the  simplification  made  by  assuming  the  exis- 
tence of  a singlo  rate  determining  step  in  the  dissociation  of  the  cac^ 
sdum  cyanide  complexes.  Nevertheless,  the  above,  treatment  shows  that 
th«  afldnlun  evnnldn  canl^Y  must  unriurrn  before  electro- 

chemical reduction. 
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It  can  be  concluded  frcm  above  t \ro  o::arplea  that  certain  complexes 
are  directly  reduced,  \hereaa  other  complexes  ore  die  socle,  tod  before 
being  reduced  elec tr olytiuclly , Tho  explanation  for  this  difference  in 
behavior  ro suits  possibly  from  the  nature  of  the  bond  between  the  metal 
and  the  complexing  substance  or  ft* an  differences  in  structure  (copper 
ethylenediandne  ca'plexes  are  plane,  Ud(GN)  is  tetrahedrel*  ) . 

EiTUvEiBITiA 

The  present  paper  is  chiefly  concerned  with  theoretical  principles 

and  only  c brief  description  of  the  experimental  methods  \dll  be  given 

here.  The  apparatus  ucs  fundamentally  the  sane  as  that  of  Gierat  and 
n 

Julia  rd,  although  it  ms  much  simpler.  The  latter  authors  U3ed  a drop- 
ping  mercury  electrode  \ihose  operation  had  to  be  synchronized  with  the 
recording  of  the  voltage-tine  curve.  L mercury  pool  of  constant  area 
ms  used  as  polarizable  electrode  in  our  instrument,  and  consequently 
a synchronization  device  irs  not  necessary.  The  mercury  pool  was  found 
entirely  satisfactory  provided  that  the  mercury  is  renewed  before  each 
recording  end  that  vetting  of  the  glass  by  the  solution  is  avoided 
(silicone  coating).  The  mercury  pool  electrode  had  the  form  of  a U tube 
having  tvo  arms  of  unequal  lengths.  One  arm  of  this  tube  vas  used  far 
connection  i/ith  the  polarization  circuit  (plctinura  vdre  in  mercury) . 

The  lid  of  the  am  of  the  tube  inner sed  in  solution  extended  ct  least 
0.5  centimeters  above  the  level  of  the  mercury  in  order  to  reproduce  as 
well  as  possible  the  conditions  of  semi-infinite  linear  diffusion.  The 
exposed  area  of  the  electrode  was  of  the  order  of  1 square  centimeter. 


a 6 


This  electrode  was  inner sed  in  one  compartment  of  on  H polar ographio 
cell,  k platinum  electrode  innersed  in  the  other  canpertment  of  this 
cell*  was  tr.o  mode.  Both  arms  of  the  call  vwre  filled  with  the  solution 
being  studied.  The  potential  of  the  mercury  pool  was  recorded  from  the 
voltage  bet'cen  this  electrode  and  an  external  saturated  calomel  elec- 
trode whose  tip  its  in  the  vicinity  of  the  muicury  pool  (appro:dmntely 
1 cm.;  not  too  close  to  avoid  a perturbation  in  the  field  of  diffusion) . 
The  solution  was  freed  of  oxygen  by  bubbling  nitrogen  through  it  for  15 
minutes.  This  gas  ms  also  passed  through  the  cell  before  each  measure- 
ment in  order  to  eliminate  any  gradient  of  concentration. 

Tho  apparatus  for  electrolysis  at  constant  current  (Flg.4)  vaa 
assembled  from  commercially  available  capenents.  The  electrolytic  cell 
was  fed  at  constant  current  by  a regulated  power  supply  P (250  volts) 
connected  in  series  with  the  variable  resiatances  and  1^2*  Th®  current 
was  adjusted  by  means  of  Rp  and  the  current  intensity  was  determined 
by  measuring  the  ohmic  drop  in  the  calibrated  resistance  Rg  by  means  of 
a Leeds  end  Ilcrthrup  student  potentiometer.  Tho  voltage  between  the  mer- 
cury pool  (e^)  end  the  reference  electrode  (e^  'fas  recorded  by  means  of 
cathode-ray  oscillograph  (Duilcct  oscillograph  304  H;  amplifiers  not  re- 
presented in  Fig.  4).  k 10  megohm  resistor  was  inserted  between  electrode 
and  tho  ttY"  input  of  the  oscillograph  in  order  to  lower  the  current 
drawn  free  the  cell  e?9y  The  single-sweep  time  T basis  of  the  oscillo- 
graph was  operated  by  means  of  $2*  the  necessary  signal  being  applied  to 
terminal  B.  L D.P.S.T.  relay  uos  used  for  SjSj,  and  this  relay  was 
adjusted  in  such  a manner  as  to  close  S2  slightly  before  in  order  to 
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avoid  missing  the  zero  time  point*  L switch  could  be  used  for  and  Sj, 
but  a relay  can  be  mere  easily  adjusted  to  obtain  a short  lag  between 
the  closing  of  S«^  and  $2*  The  horizontal  axis  of  the  oscillograph  was 
calibrated  by  applying  a sinusoidal  signal  of  knov.n  fretjuency  (Hewlett 
Packard  audio  oscillator,  model  200  I)  to  the  n2"  modulation  input  of 
the  oscillograph,  end  by  actuating  the  relay  S^S2»  the  "I"  input  ampli- 
fier being  turned  off.  An  horizontal  trace  can  posed  of  a succession  of 
bright  spots  was  recorded  in  this  fashion,  and  the  distance  between  two 
successive  bright  spots  was  readily  calculated  fr an  the  frequency  of  "Z" 
modulation.  Oscillograms  wore  photographed  on  35  na.  film  and  readings 
were  made  from  enlarged  images. 


CONCLUSION 

It  is  possible  to  develop  a rigorous  treatment  for  electrolysis 
at  constant  current  with  mass  transfer  partially  or  totally  controlled 
by  semi-infinite  linear  diffusion.  The  chrrao tori sties  of  the  potentia1 
time  curves  appear  to  be  particularly  useful  in  Ihe  study  of  irreversible 
electrode  proa esses.  In  3uch  studies  the  method  at  constant  cU'Tent  is 
more  advantageous  than  polcrography  because  the  mass  transfer  problem 
can  be  treated  rigorouolyj  in  pcdcrography  only  an  approximate  solution 
of  the  boundary  value  problem  can  be  given  because  of  the  complications 
resulting  fro-  the  e::panaion  of  the  mercury  drop.  Likewise,  the  method 
at  constant  current  appears  very  promisin';  in  the  study  of  the  mechanism  of 
the  reduction  of  complex  ices. 
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APPUJDIX 


By  assuming  that  - Dq  » D and  introducing  the  functions 
t'  (x,t)  and  ^ (x, t)  defined  by  equations  (15)  and  (16)  one 
transforms  the  boundary  value  problen  originally  stated  by  equations  (8) 
to  (14)  into  the  follovdng  prohleni 


V 
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The  net.*  initial  and  boundary  conditions  (30)  to  (33)  are  easily 
derived  fror.  equations  (10)  to  (14)  by  using;  the  following  values  of 
dQx('A9t)  and  Gz(x,t) 


/ f 


wbich  result  frcai  the  definition  of 
and  (16)  • 


(x,t)  and 


t 


(xtt)  by  (15) 


After  Laplace  transform  with  respect  to  the  variable  t,  equations  (28) 
and  (29)  are  reduced  to  following  ordinary  differential  equations 
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and  the  boundery  conditions  are  accordingly 
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The  solutions  of  equations  (36)  and  (37)  ( J'  (x,s)  sad  7 (xfa) 
eve  bound  foe  x —y  ) were  given  above  in  equations  (17)  end  (18). 
The  integration  constant  1.  end  H er®  evaluatod  by  satisfying  the 


boundary  conditions  (38)  and  (39)*  Thus 

r r>-  *)  = f -/■  4 *'/■  7 ^ 
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By  inverse  transformation  or. 
j*  (x,t)  and  y^(x,t).  The  i» 
given  in  equation  (19)  , is 
trancforni  of  (x,s)  i* 
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Far  the  evaluation  of  the  integral  in  (42)  see  he 
applying  the  result  obtained  by  this  author , equation  (20)  ; 
derived. 

(21)  •/.  Horenstein,  ikth«,  It  W (1945). 

Us  a final  eenment,  it  should  be  mentioned  that  the  equation  for 

the  potential-time  curve  can  be  derived  from  the  above  results.  If  the 

reduction  Ox  to  bed  is  Irreversible,  the  potential  during  electrolysis 

is  calculated  by  the  sane  method  as  that  exposed  in  the  section  entitled 

"Irreversible  Electrode  Processes".  The  concentration  G,,  (0,t)  needed 

Ox 

in  this  calculation  is  given  in  equation  (2l).  If  the  process  is  re- 
versible tlie  potential  is  calculated  from  the  Nerrst  formula.  The  con- 
centration li,  ,(0,t)  needed  in  this  calculation  is  determined  from  the 
flux  of  this  substance  (equal  to  -D  ^^^(Ojt)  / -v  x)  at  the  electrode 
surface  end  bp  application  of  Duhamel's  theorem22,  This  derivation  is 

(22)  See  far  example  K.S.  Garslav  and  J.G.  Jaeger,  "Conduction  of  Heat 
in  Solide",  Oxford  University  Press,  London,  1947,  p.  18. 
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